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1. Materials and Methods 

 

1.1. Computational Methods 

Model systems. Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) spike (S) 

glycoprotein is a large, glycosylated homotrimer, where each of its three identical monomers 

(residues 16–1273) can be divided into three main topological domains: the “head,” comprising 

S1 and S2 subunits until residue 1140; the “stalk,” composed of heptad repeat 2 (HR2) and 

transmembrane (TM) domains (residues 1141–1234); and the cytoplasmic tail (CT) (residues 

1235–1273) (Figure 1A main text).1 Experimental structures of SARS-CoV-2 S have been 

resolved in two main conformational states, open and closed, that were used in this study to build 

two complete, fully glycosylated models, referred to in this manuscript as “Open” and “Closed”, 

respectively. The Closed system is based on a cryo-EM structure of the S protein solved at 2.80-

Å average resolution (PDB ID: 6VXX),2 where all receptor binding domains (RBDs) are in the 

“down” conformation. The Open system is instead built upon a cryo-EM structure of the S protein 

solved at 3.46-Å average resolution (PDB ID: 6VSB),1 where only one RBD (chain A) is in the 

“up” conformation. A third system, called “Mutant”, was also generated from the Open system 

upon mutation of N165 and N234 into alanine within all the three monomers, which ablated the 

respective N-glycan sequons. Although the cryo-EM structures of the S protein already provide 

critical information about its structure, they are usually incomplete and/or have been modified to 

increase protein stability.1,3 For example, the introduction of two consecutive prolines (S-2P 

variant) in the central helix and/or of an engineered C-terminal foldon trimerization domain4 has 

been adopted as a common strategy to stabilize the S protein for cryo-EM.1,3 In addition, highly 

flexible protein regions (loops) and glycans beyond the first three sugars often remain unresolved 

owing to resolution limits. Therefore, several modeling steps were required to produce a full-length 

model of the wild type protein as described below. 

 

Missing loops modeling. The employed cryo-EM structures of the S protein reveal several 

missing gaps corresponding to flexible loops ranging from 3 to 38 residues. To generate a complete 

construct, missing gaps were modeled as disordered loops using Modeller9.19.5 Keeping the cryo-

EM coordinates fixed, 50 models were independently generated for each monomer, from which 

the top models were selected and reassembled to recreate the full trimeric head. The alignment 
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between the cryo-EM structure and the FASTA sequence of SARS-CoV-2 spike (QHD43416.1)6 

used by Modeller was generated using Clustal Omega.7 The top models were further visually 

inspected to discard those in which loops were entangled in a knot or clashed with the rest of the 

structure. Finally, the stabilizing proline mutations from the cryo-EM structures were mutated back 

to wild type, and modeling artifacts were detected and corrected prior to simulations. 

 

HR2 and TM domain (stalk) modeling. Both cryo-EM structures employed to build our models 

were stabilized using an engineered C-terminal foldon trimerization domain.4 Therefore, the stalk 

region of the S protein from residues 1147–1234, including the HR2 and TM domains, had to be 

constructed. Using the Jpred4 server,8 the secondary structure of the stalk sequence was predicted 

as three helical segments connected by two unstructured loops (Figure S13). Given the 

amphipathic nature of the helical segments, the three chains were assembled into an alpha-helical 

coiled-coil trimeric bundle using Modeller9.19.5 A coiled-coil crystal structure, where the smaller 

and more hydrophobic residues are positioned inside the bundle and the polar residues are solvent-

exposed, served as a template (PDB ID: 2WPQ).9 Each alpha-helix was broken into three segments 

separated by two loops according to Jpred4 secondary structure predictions.  

 

CT modeling. The CT of the S protein (residues 1235–1273) was modeled using the i-TASSER 

software.10–12 i-TASSER generated five models with confidence scores of −1.25, −2.65, −3.15, 

−4.33, and −1.33 (C-score range [−5, 2]). Out of these, model 3 was selected because it revealed 

a helical domain between residues 1238 and 1245, where two cysteines were shown to be 

palmitoylated in another betacoronavirus, MHV-A59.13,14 The corresponding cysteines in SARS-

CoV-2 were C1240 and C1241. The remaining sequence of CT was predicted to be intrinsically 

disordered. Both cysteines (C1240 and C1241) were palmitoylated using lipid-tail functionality 

available within Glycan Reader in CHARMM-GUI.15,16 

 

Glycosylation. SARS-CoV-2 S protein features 22 N-glycan sequons (N-X-S/T) per monomer, 

which have been found to be heterogeneously populated in different glycoanalytic studies.17–19 

Interestingly, two O-glycans have also been characterized at positions T323 and S325.19 Our 

modeled constructs have been fully N-/O-glycosylated using the Glycan Reader & Modeler tool20 

integrated into Glycan Reader15 in CHARMM-GUI.16 An asymmetric (i.e., not specular across 
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monomers) site-specific glycoprofile has been derived according to glycoanalytic data reported by 

Watanable et al.17 for N-glycans and by Shajahan et al.19 for O-glycans. Detailed per-chain 

descriptions of the site-specific glycoprofile of the S protein systems simulated in this work are 

shown in Tables S1-S3. In the Mutant system, N165A and N234A mutations were introduced to 

remove the respective N-glycans. This was performed with PSFGEN during system setup. In 

summary, 70 glycans (22 × 3monomers N-glycans and 2chainA + 1chainB + 1chainC O-glycans) have been 

added in the Open and Closed systems, whereas 64 have been added in the Mutant system. Our 

modeled N-glycans account for oligo-mannose from Man5GlcNAc2 to Man9GlcNAc2, complex 

and hybrid types, displaying one to four antennas. Additional modifications, such as fucosylation 

and sialylation, have also been site-specifically considered, as reported in Watanabe et al.17 We 

remark that the oligosaccharides (GlcNAc-/GlcNAc2-/ManGlcNAc2-) originally solved in the 

cryo-EM structures have been generally retained or used as a basic scaffold, when possible, to 

build the full glycans. However, owing to steric clashes arising at particularly buried sites (for 

example, N122), a manipulation of glycan dihedrals and/or asparagine side chain has been 

necessary to fit in all the glycans. 
 

Membrane modeling. The lipid composition of the membrane patch was selected based on the 

lipoprofiles21,22 of the endoplasmic reticulum and trans-Golgi network, organelles in which the 

coronavirus membranes are known to be constructed.23,24 A symmetric 225 Å × 225 Å lipid bilayer 

patch was generated using CHARMM-GUI’s input generator.16,25 The lipids were packed to an 

area per lipid of 70 Å2 with the following ratio of phospholipids and cholesterol: POPC (47%), 

POPE (20%), CHL (15%), POPI (11%), and POPS (7%). The IUPAC names corresponding to 

these abbreviations are given in Table S4. The area per lipid value was selected based on the 

suggested CHARMM-GUI areas; the equilibrium values for this system were calculated and can 

be found in Figure S5.  

 

System preparation. Upon functionalization (i.e., glycosylation and palmitoylation) of the 

glycoproteins through the Glycan Reader module available within CHARMM-GUI, further 

modifications to the structures were necessary and formatting issues were manually solved. 

Differently from SARS-CoV, where the S1/S2 site is cleaved prior to fusion (i.e., at the host cell 

surface), in SARS-CoV-2 the cleavage occurs when the virus is assembled.2 Therefore, all the 
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three constructs were modeled in their cleaved form, i.e. with the furin site cleaved between 

residues R685 and S686. However, for convenience, S1 and S2 subunits within each protomer 

have been assigned to the same chain (referred to as A/B/C), following the scheme used in 6VSB,1 

where RBD of chain A is in the “up” conformation. Glycans were attributed segnames from G1 to 

G70 (G1–G64 for Mutant), as reported in Tables S1-S3. Protonation states were assessed using 

PROPKA326 at pH 7.4 in the presence and absence of glycans, without registering any critical 

differences. The generated models were parametrized using PSFGEN and CHARMM36 all-atom 

additive force fields for protein, lipids, and glycans.27,28 Parameters for palmitoylated cysteine 

were taken from Jang et al.29 Sodium and chloride ions were added to neutralize the charge of the 

system at 150 mM concentration and they were treated using Beglov and Roux force fields.30 The 

systems were fully solvated with explicit water molecules described using the TIP3P model.31 The 

total number of atoms is 1,693,017 for the Open system (size: 225 Å × 225 Å × 367 Å), 1,658,797 

for the Closed system (size: 225 Å × 225 Å × 359 Å), and 1,693,069 for the Mutant system (size: 

225 Å × 225 Å × 367 Å). 

 

Molecular dynamics (MD) simulations. All-atom MD simulations were conducted on the 

Frontera computing system at the Texas Advanced Computing Center (TACC) using NAMD 

2.14.32 The systems were initially relaxed through a series of minimization, melting (for the 

membrane), and equilibration cycles. During the first cycle, the protein, glycans, lipid heads (P 

atom for POPC, POPI, POPE, and POPS and O3 atom for CHL), solvent, and ions were kept fixed 

and the systems were subjected to an initial minimization of 10000 steps using the conjugate 

gradient energy approach. Subsequently, to allow the lipids tails to equilibrate, the temperature 

was incrementally changed from 10 to 310 K for 0.5 ns at 1 fs/step (NVT ensemble). The following 

simulation cycle was run at 2 fs/step, 1.01325 bar, and 310 K (NPT ensemble). Next, the systems 

were simulated with only the protein and glycans harmonically restrained at 5 kcal/mol to allow 

the full environment to relax in 2500 minimization steps and 0.5-ns simulations. Finally, all the 

restraints were released, and the systems were equilibrated for additional 0.5 ns. From this point, 

the production run was started, and frames were saved every 100 ps. Production MD simulations 

were run in triplicates for ~1 µs for Open and Mutant and ~0.6 µs for Closed (Table S5). To further 

explore the conformational space of the RBD in the “up” conformation, additional adaptive 

sampling simulations were run for Open and Mutant, which were also performed in triplicates for 
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~0.4 µs. Whereas velocities were randomly reinitialized, the initial coordinates were selected after 

principal component analysis (PCA) of RBD-A. In detail, the minimum (replica 4), mean (replica 

5), and maximum (replica 6) along PC1 were identified and the corresponding frames used a 

starting point for adaptive sampling simulations. 

All simulations were performed using periodic boundary conditions and particle-mesh Ewald33 

electrostatics for long-range electrostatic interactions with maximum grid spacing of 2 Å and 

evaluation every 3 time steps. Non-bonded van der Waals interactions and short-range electrostatic 

interactions were calculated with a cutoff of 12 Å and a switching distance of 10 Å. The SHAKE 

algorithm34 was employed to fix the length of all hydrogen-containing bonds, enabling the use of 

2-fs integration time steps. All simulations were performed under the NPT ensemble using a 

Langevin thermostat35 (310 K) and a Nosé-Hoover Langevin barostat36,37 (1.01325 bar) to achieve 

temperature and pressure control, respectively.  

 

Accessible surface area (ASA). ASA was calculated using the measure sasa command 

implemented in VMD,38 which is based on the Shrake and Rupley algorithm,39 in combination 

with in-house Tcl scripts. Three separate ASA analyses were conducted by taking into account the 

S protein head (residues 16–1140), stalk (residues 1141–1234), and receptor binding motif (RBM) 

of the RBD (residues 400–508), respectively. The area covered by glycans (i.e., the glycan shield) 

was obtained after the subtraction of the ASA of the considered domain in the absence of glycans 

with the ASA in the presence of glycans. This value was calculated along the trajectory with a 

stride of 150, 20, and 20 frames between each assessment for head, stalk, and RBM-A, 

respectively. For each system (Open and Closed), the values were averaged across all the 

respective replicas and standard deviation was computed. Apart from the standard 1.4-Å probe, 

this analysis was repeated for 14 different (1-Å-interspersed) values of probe radius (from 2 to 15 

Å). Note that additional ASA analyses on the whole RBD-A (residues 330–530) and on its non-

interacting region (residues 330–399 and 509–530) were also analogously performed (see SI). 

Similarly, epitope-specific ASA analyses were conducted on the chain A of Open and Closed 

systems using only 7.2 and 18.6 Å as probe radii. ASA evaluations were conducted with a stride 

of 20 frames. The residues considered for each epitope are listed in Table S11. 
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Principal Component Analysis (PCA). PCA was performed using the 

sklearn.decomposition.PCA function in the Scikit-learn library using python3.6.9.40 First, all 

simulations were aligned with mdtraj41 onto the same initial coordinates using Cα atoms of chain-

A central scaffold (residues 747–783 and 920–1032). Next, simulation coordinates of RBD-A 

(residues 330–530) from all systems (Open, Mutant, and Closed) and replicas were concatenated 

and used to fit the transformation function. Subsequently, the fitted transformation function was 

applied to reduce the dimensionality of each system simulation RBD-A Cα coordinates. 

Subsequently, the fitted transformation function was applied to reduce the dimensionality of RBD-

A Cα coordinates from each system into the PC space. Note that it is important that the comparative 

PCA across systems have consistent eigen-basis of the principal components. This was ensured by 

transforming all systems coordinates into the same PC space. The same procedure was performed 

for PCA of RBD-B and RBD-C. 

 

Angles calculation. The lateral angle and axial angle were calculated using in-house Tcl scripts 

along with VMD.38 The axial angle is defined by three points corresponding to (i) the center of 

mass (COM) of RBD-A β-sheets (residues 394–403, 507–517, and 432–437), (ii - vertex) the COM 

of the central helices (residues 987–1032), and (iii) the COM of the top section of the central 

helices (residues 987–993). The lateral angle is described by three points corresponding to the (i) 

COM of RBD-A at frame 0, (ii - vertex) COM of the top section of the central helices, and (iii) 

COM of RBD-A β-sheets at frame n. We note that when calculating the COM of RBD-A we only 

considered the core residues defining the β-sheets of the domain, i.e. the most stable part of the 

RBD, discarding instead the highly flexible, solvent exposed loops (like the receptor binding 

motif) or the hinges that would have altered the position of the COM, thus biasing the angle 

calculation. In this way it was possible to keep track of the actual core motions of RBD-A. The 

other COMs were calculated on the central helices (CH). The CH are three alpha-helices (one for 

each monomer) located around the central axis of the spike trimer, representing the most rigid 

backbone of the spike’s head as shown in Figure 1 of the main text.  

Both angles were evaluated at each frame along the trajectories as a variation (positive or 

negative) with respect to their initial value. The trajectories were aligned by the S protein central 

scaffold (residues 747–783 and 920–1032) including the central helices using the coordinates at 

frame 0 as a reference. Importantly, whereas the axial angle was calculated in a three-dimensional 
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space defined by xyz coordinates, the lateral angle was assessed by considering the projection of 

the COMs onto a two-dimensional space defined only by xy coordinates. In this way, the lateral 

angle only accounts for lateral tilt/shift of the RBD, discarding any other motion along z. 

 

Hydrogen bonds calculation. Hydrogen bonds were calculated using the measure hbonds 

command implemented in VMD38 in combination with in-house Tcl scripts. Hydrogen bonds 

criteria were set as 3.5 Å for distance between heavy atoms and as 45° for angle between Acc-

Don-Hyd. All frames across all replicas were considered for this analysis. Occupancy (%) was 

determined by counting the number of frames in which a specific hydrogen bond was formed with 

respect to the total number of frames. 

 

Root-mean-square-deviation (RMSD). RMSD of protein Cα atoms was computed using the 

measure rmsd command implemented in VMD38 in combination with in-house Tcl scripts. 

Different alignments were done before RMSD calculations using the initial coordinates of Cα 

atoms as a reference. In particular, for RBD-A RMSDs, Cα atoms of the S protein central scaffold 

(residues 747–783 and 920–1032) were used as a reference for alignment, whereas for the head, 

stalk, and CT RMSDs, the trajectories were aligned onto the Cα atoms of the residues of the 

respective regions. 

 

Root-mean-square-fluctuations (RMSF). RMSF was calculated using in-house python scripts 

along with mdtraj.41 RMSF was computed for each glycan of every chain across all replicas in 

Closed, Open, and Mutant. The trajectories were aligned onto the initial coordinates using the Cα 

atoms of the entire protein as a reference.  

 

1.2 Experimental Methods 

Protein expression and purification. The spike S2P variant was expressed using a previously 

described mammalian expression vector containing proline substitutions at residues 986 and 987 

and C-terminal 8xHis and TwinStrep tags.1 Alanine substitutions were introduced into S2P to yield 

the N165A and N234A spike variants. To generate the disulfide-locked spike with all RBDs down, 

we introduced S383C, D985C substitutions into a previously described stabilized spike construct 

(HexaPro) containing proline substitutions at positions 817, 892, 899 942, 966 and 987.42 ACE2 
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was expressed using a mammalian expression vector encoding residues 1-615 of human ACE2, a 

C-terminal HRV 3C cleavage site, a mono-Fc tag, and 8xHis. Plasmids were transiently transfected 

into FreeStyle 293-F cells using polyethyleneimine and cultured for 4 days (for spike variants) or 

6 days (for ACE2). Spike variants were purified by passing filtered cell supernatant over Strep-

Tactin resin, and ACE2 was purified using Protein A agarose. ACE2 was subsequently cleaved 

with 3C protease passed over Protein A to remove the Fc-8xHis fragment. 

 

Biolayer interferometry. Anti-foldon IgG was immobilized to an anti-human Fc (AHC) Octet 

biosensor (FortéBio), which was subsequently dipped into the specified spike ectodomain variant 

for loading. The biosensor was then dipped into 200 nM ACE2 to measure the RBD-spike 

association signal before being transferred to a well containing buffer only (10 mM HEPES pH 

7.5, 150 mM NaCl, 3 mM EDTA, 0.05% Tween 20 and 1 mg/mL bovine serum albumin) to 

measure the dissociation signal. The total response at the end of the association phase was recorded 

for each variant and used to quantify the relative proportions of accessible RBDs. The total 

response at the end of the association phase, where nearly all the RBDs should be saturated, was 

recorded for each variant and used to quantify the relative proportions of accessible RBDs. Three 

independent experiments were run for each of the S2P, N165A, and N234A spike variants. 

Collected data shown in Figure 4B are reported as mean ± standard deviation, with the following 

values: 0.2563 nm ± 0.0070 nm (S2P); 0.2284 nm ± 0.0051 nm (N165A); 0.1623 nm ± 0.0097 nm 

(N234A). The experiment with the (HexaPro) variant with all the three RBDs locked in the closed 

conformation was used as control. Raw data are made available as supporting information. 

 

 

2. Supplementary Simulations: All-Atom MD Simulations of S Protein Head using Amber 

FF14SB/Glycam06 Force Fields 

 

2.1. Computational Methods 

The model of the SARS CoV2 S protein head was built in the open conformation by homology 

with SWISS MODEL43 using the cryo-EM structure of the spike trimer in the open state as a 

template (PDB ID: 6VYB,44 3.2 Å resolution) and NCBI YP_009724390.1 as reference sequence. 

We note that this structure (6VYB) differs from to the one used as template for building the full-
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length, Open and Mutant models described in the main text (6VSB). In 6VYB, the RBD “up” 

belongs to chain B (corresponding to chain A in 6VSB), whereas chains C and A corresponds to 

chains B and C of 6VSB, respectively. The missing loops in the 6VYB cryo-EM structure were 

built automatically by SWISS MODEL based on structural libraries of backbone fragments from 

the PDB with similar sequences. The resulting protein structure exhibits 18 glycosylation sites per 

protomer, for a total of 54 sites per trimer that can be occupied. Glycosylation on these sites was 

built by aligning equilibrated structures of complex fucosylated (FA2B) and non-fucosylated 

(A2B) and of oligomannose (Man5 and Man9) from our in-house database45 to the resolved 

GlcNAc residues in the cryo-EM structure. Because not all the GlcNAc residues were resolved in 

the cryo-EM and because two glycosylation sites per protomer are located in loops also not 

resolved in the cryo-EM structure, we have built the final 54-glycans model in two phases. In the 

first phase we built models with 46 glycosylation sites and run a 20 ns equilibration to obtain 

conformations of the rebuilt loops that allowed for the linking of our glycans. The chosen structures 

were then completed with glycosylation in all 54 sites, leading to the 54-glycans model.  

In this additional set of simulations of the SARS-CoV-2 S protein head, we have considered 

three slightly different glycosylation profiles, shown in Table S13, resulting into three models that 

differs specifically at position N234, occupied either by a Man9 (Man9-N234) or where N234 is 

mutated into Ala (N234A) leading to glycan depletion, or where N234 is non-glycosylated. We 

ran two independent trajectories for the 46-glycans model (i.e., Man9-N234) and one for the 

related N234A mutant. Moreover, we performed one run each for the 54(53)-glycans models (i.e., 

Man9-N234, the N234A mutant, and non-glycosylated N234) for a total of 6 independent MD runs 

(see Table S14). We remark that the N234 N-linked site monitored in this set of simulation belongs 

to the NTD of chain C (NTD-C), corresponding to NTD-B of the full-length model described in 

the main text. In these setups of the spike head based on 6VYB and in the respective MD 

simulations, the protein was described using AMBER ff14SB parameters,46 whereas the glycans 

by the GLYCAM06j-1 version of GLYCAM06.47 An atmosphere of 200 mM NaCl was also 

included in all simulations, with ions represented by parameters in the AMBER ff14SB set. Water 

molecules were represented by the TIP3P model.31 All simulations were run with v18 of the 

AMBER software package.48 

The same system preparation and running protocol was used for all MD simulations. The 

energy of the system built as described above was minimized in two steps of 50,000 cycles of the 
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steepest descent algorithm. During the first minimization all the heavy atoms were kept 

harmonically restrained using a potential weight of 5 kcal mol−1Å2, while the solvent, counterions 

and hydrogen atoms were left unrestrained. During the second minimization step only the protein 

heavy atoms were kept restrained, while the glycans, solvent, counterions and hydrogens were left 

unrestrained. After energy minimization the system was equilibrated in the NVT ensemble with 

the same restraint scheme, where heating was performed in two stages over a total time of 1 ns, 

from 0 to 100 K (stage 1) and then 100 to 300 K (stage 2). During equilibration the SHAKE 

algorithm was used to constrain all bonds to hydrogen atoms. The Van der Waals and direct 

electrostatic interactions were truncated at 11 Å and Particle Mesh Ewald (PME) was used to treat 

long range electrostatics with B-spline interpolation of order 4. Langevin dynamics with collision 

frequency of 1.0 ps-1 was used to control temperature, which a pseudo-random variable seed to 

ensure there are no synchronization artefacts. Once the system was brought to 300 K an 

equilibration phase in the NPT ensemble of 1 ns was used to set the pressure to 1 atm. The pressure 

was held constant with isotropic pressure scaling and a pressure relaxation time of 2.0 ps. At this 

point all restraints on the protein heavy atoms were removed, allowing the system to evolve for 15 

ns of conformational equilibration before production. The total simulation times, including 

equilibration, are shown in Table S14. 

 

2.2 Results and Discussion 

As remarked in the main text, to further assess possible impact of the force fields and/or to the 

starting cryo-EM structure on the simulations described in the main text, we performed an 

additional set of simulations of the open SARS-CoV-2 S protein’s head (presented here) using 

AMBER ff14SB/GLYCAM06j-1 force fields46,47 and an alternative initial cryo-EM structure 

(PDB ID: 6VYB),44 which presents the N234 GlcNAc in a slightly different orientation. The 

results of this set of simulations are described below. 

Man9-N234 model. We analyzed the relative stability of the RBD domains in chains A, B and 

C during the MD production by calculating the backbone RMSD values relative to the starting 

homology model based on the 6VYB template. RMSD values were calculated using different 

alignments, namely residues 770 to 1255 of chain A, B and C, respectively, to evaluate potential 

biases. The differences in average RMSD values calculated from different alignments are within 

the standard deviation values used as error bars, therefore only results from the alignment to chain 
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A (residues 770 to 1255) are shown in Table S15. Data were collected after 20 ns of equilibration. 

Unless otherwise stated, results are shown for the 54(53)-glycans model systems. All simulations 

of the Man9-N234 model show that the glycan gradually inserts itself in the space left empty by 

the lifting-up of RBD-B (chain B in this model, corresponding to chain A in the full-length model) 

(Movie S2). This insertion progresses gradually through the formation of hydrogen bonding 

interactions between Man9 glycan at N234 and Y369 and N370 of RBD-C that evolve to reach the 

core of the spike’s trimer defined by the location of D405, R408 and E409 of RBD-A, located  in 

the diametrically opposite side across the spike apical center (see Figure S14). Similar interactions 

have been registered also in the simulations of the full-length model of the spike described in the 

main text, where Man9 at N234 is found to establish persisent h-bonds with residues of RBD-C 

(RBD-A here). 

The insertion of Man9 into the open pocket and its stable interactions with the trimer core’s 

charged residues D405, R409 and E409 results in a stabilization of the whole structure, which is 

evident from the backbone RMSD analysis of the three RBD domains, shown in Figure S15. As 

an interesting note, position N357 in SARS-CoV S, corresponding to position N370 in SARS-

CoV2 S, is part of an NST sequon and it is glycosylated.49 The sequon is lost in SARS-CoV2 S 

with a mutation of the Thr to Ala. Because of the important and stable interactions of the Man9 at 

N234 with N370 along the reaction coordinate that allows it to reach the core of the trimer, it is 

reasonable to infer that glycosylation at position N370 in SARS-CoV would interfere with this 

process, potentially affecting or preventing the insertion of the Man9. To understand the 

significance of the presence of a large glycan such as Man9 at position N234 of NTD-C and its 

role in filling the empty space left by the opening of the RBD-B, we decided to remove it and to 

observe the conformational changes through another set of conventional MD simulations. 

N234A mutant and N234-nogly models. To understand the role of the Man9 at N234 within 

NTD-C, we designed two models: a model with an N234A mutation in chain C (N234A) and a 

model where the N234 position also in chain C is non-glycosylated (N234-nogly). For those we 

analyzed four independent MD trajectories (see Table S14), two from the 46(45)-glycans model, 

one from the 54(53)-glycans model sites in the N234A mutant form, and one from the 54(53)-

glycans model with N234-nogly. In agreement with the full-length model of SARS-CoV2 S 

protein described in the main text, we observed a higher degree of dynamics of the open RBD 

relative to Man9-N234 when the glycan at N234 is missing. As an important note, here the N234A 
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mutant and N234-nogly are missing Man9 only in one site of the trimer, i.e. chain C (chain B in 

the full-length model), which is a subtler modification relative to the full system in which the 

mutant is missing the glycans at N234 and N165 in each protomer. As indicated by the average 

backbone RMSD values shown in Table S15, except for the case of the 54(53)-glycans N234A 

model, for which the open RBD remains in a stable conformation for the length of the trajectory 

considered here, in the two simulations of the 46(45)-glycans  N234A models and in the simulation 

of the 54(53)-glycans N234-nogly model, the open RBD domain is largely displaced relative to 

the original homology model, used as reference structure. In agreement with the full model 

discussed in the main text, the dynamics of the open RBD in the mutants is quite complex and 

within this simulation framework cannot (and should not) be defined as part of any specific 

reaction coordinate, such as a domain closing or unfolding. Nevertheless, in the simulations of the 

46(45)-glycans N234A model, the open RBD (chain B) can be described as shifting towards the 

RBD of chain C, with the flexible loop interacting with the Man5 at N343 within chain C. 

Meanwhile, the conformational change we observed for the open RBD in the simulations of the 

54(53)-glycans N234-nogly model corresponds more to a shift away from the RBD of chain C 

(Figure S16). 

 

2.3. Conclusions 

The simulations described in this section of the Supporting Information are presented here as 

supplementary material in support of the results discussed in the main manuscript based on much 

larger and complete 3D models of the SARS-CoV2 S glycoprotein. Indeed, despite the differences 

in the systems sizes, setups, original cryo-EM structure (6VYB vs. 6VSB), force field parameter 

sets (AMBER vs. CHARMM), MD software packages (Amber vs. NAMD), in the running 

protocols and details in the models’ glycosylation, these two sets of simulations converge in 

showing that the absence of glycosylation at position N234 and at both positions N234 and N165, 

causes the open RBD to explore a larger conformational freedom, which may indicate a degree of 

instability. Therefore, all the simulations combined support the conclusion that the strangely 

“patchy” glycan shield of the SARS-CoV2 S glycoprotein may very well be engineered to play a 

structural role in supporting the active structure of the protein, by stabilizing the open or “up” 

conformation of the RBD. Also, as an important note, a mutation found in SARS-CoV2 S relative 

to the SARS-CoV S causes the loss of glycosylation at N370. Because of the dynamic process that 
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Man9 follows in accessing the trimer core, which involves stable interactions with N370, a glycan 

at that location may interfere with insertion of the glycan at N234 into the pocket, which would 

remain empty, potentially making SARS-CoV S less stable in its open conformation than SARS-

CoV2 S.    

 

 

3. Overview of Neutralizing Antibody Epitope Accessibility 

 

Several SARS-CoV-2 antibodies targeting the S protein have been identified (Table S11).50–

61 The majority of these antibodies recognize epitopes on the RBD, while only a few have been 

shown to address the antigenic regions within the NTD and CD (Figure S12). Among the RBD 

antibodies, B38 interacts with the RBM at the RBD/ACE2 interface,52 whereas S309 and CR3022 

target the side/bottom part of the RBD.50,51,53 In addition, 4A8 and 1A9 have been found to engage 

with the NTD and CD, respectively.55,56  To quantify the effects of glycan shielding on these 

epitopes, we calculated each epitope’s ASA at two probe radii, 7.2 and 18.6 Å, which approximate 

the size of antibody hypervariable loop and variable fragments domains, respectively (Figures 

S12A and S12B, full data provided in Table S12).62 In Open (RBD “up”), B38 epitope on the 

RBD/ACE-2 interface shows large ASA that is minimally shielded by glycans (10%/11%, for 7.2 

and 18.6 Å probes, respectively ) (Figure S12A). Antibodies in this region exploit the vulnerability 

of the S protein when RBD is in the “up” conformation. Conversely, in Closed, the shielding of 

B38 epitope remarkably increases to 47%/62% (Figure S12B). When the RBD is in the “down” 

conformation, the RBM is buried by the other two neighboring RBDs, which already reduce its 

overall accessibility by ~40%. These values are in agreement with the RBM ASA trends shown in 

Figure 7 in the main text.  

The S309 epitope, located on the side of the RBD and near the N-glycan at N343, shows an 

interesting behavior. When including glycan N343 as a shielding factor, the epitope is covered up 

to 45%/56% of its total area. However, this glycan has been shown to be incorporated into the 

recognized epitope, which would considerably increase the antigenic region targeted by S309.53 

Interestingly, no substantial differences in shielding are observed between Open and Closed 

because this epitope is mostly located on the RBD side, which remains exposed even in the “down” 

conformation. Considering the bottom part of the RBD, the epitope recognized by the CR3022 
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antibody is found to be almost completely shielded in Open (69%/94%) and not accessible at all 

in Closed. This is in agreement with structural data showing that the cryptic epitope engaged by 

CR3022 is only available when the RBD is both “up” and rotated.50,51 Remarkably, this epitope 

partially overlaps with VHH72, an antibody found to neutralize SARS-CoV-2 S pseudotyped 

viruses.60 Finally, the 4A8 and 1A9 epitopes located within the NTD and CD, respectively, are not 

affected by the conformational changes of the RBD.55,56  Whereas the epitope recognized by 4A8 

is about 36%/51% shielded by glycans, the one targeted by 1A9 is almost completely covered at 

86%/99%. These results probe further questions on 4A8 and 1A9 binding mode in the presence of 

glycans.  
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4. Supplementary Figures  

 

Figure S1. Molecular representation of S protein ectodomain in the Closed (A) and Open (B) systems. Protein is 
shown with cartoons, where chains A-B-C are colored in cyan, red and silver, respectively. Glycans are omitted for 
clarity. 
 

 
Figure S2. RMSD [Å] vs. time [ns] plots of the receptor binding domain of chain A (A-C) (RBD-A; residues 330-
530) and the head (D-F) (residues 16-1140) of the S protein Cα atoms in the Closed, Open, and Mutant systems along 
each replica. For the RBD-A RMSDs, Cα atoms of the S protein central scaffold (residue 920 to 1032, 747 to 783) 
was used for alignment, while for head RMSDs the S protein was aligned onto all the head Cα atoms. 
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Figure S3.  RMSD [Å] vs. time [ns] plots of the stalk (A-C) (residues 1141-1234) and cytoplasmic tail (D-F) (residues 
1235-1273) Cα atoms of the S protein in the Closed, Open, and Mutant systems along each replica. For the stalk 
RMSDs, the stalk Cα atoms were used for alignment. Similarly, the cytoplasmic tail was aligned onto its Cα atoms 
prior generation of respective RMSDs. 
 
 

 
Figure S4. RMSF [Å] of each glycan for all chains across all simulations in the Closed (A), Open (B), and Mutant 
(C) systems. Glycans are colored based on their structure and composition: complex glycans in magenta, oligo-
mannose glycans in green, hybrid glycans in orange, and O-glycans in yellow. Glycans in each chain are decomposed 
by domain: head (N17 to N1134), and stalk (N1158 to N1194), highlighted with different level of background opacity. 
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Figure S5. Plots of equilibrium area per lipid (top row) and P-P distance indicating membrane thickness (bottom row) 
of the membranes for the Closed (left), Open (center), and Mutant (right) systems along with each replicate.  
 
 
 
 

 
Figure S6. PCA plot showing PC1 vs PC2 of RBD-A (residues 330-530) in Open and Mutant in teal and magenta, 
respectively. The amount (%) of variance accounted by each PC is shown between parentheses.  

Mutant 
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Figure S7. (A-C) PCA plots showing PC1 vs PC2 of RBD-A, RBD-B, and RBD-C (residues 330-530) in Closed, 
Open, and Mutant in blue, teal, and magenta, respectively. (D-N) PCA plots showing each system’s time evolution 
for each replica. The time scale is reported as a color bar for each system. We remark that for Open and Mutant, 
replicas 4, 5, and 6 were simulated for ~400 ns. The RBD state is annotated within each respective plot as “up” or 
“down.” The amount (%) of variance accounted by each PC is shown between parentheses. 
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Figure S8.  The main hydrogen bond interactions of N-glycans at N165 within the Open system are shown as 
occupancy across all replicas (% frames). 
 
 

 
Figure S9. Main hydrogen bond interactions of glycan N165 (A) and N234 (B) within each replica of the Open system 
are shown as occupancy (y, % frames). Residues interacting with the glycans are reported on the x axis. 
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Figure S10. The accessible surface area of the RBD-ARBM (residues 400 to 509), RBD-ANON-INTERACTING (residues 330 
to 399 and 509 to 530), RBD-AWHOLE (residues 330 to 530) and the area shielded by neighboring glycans in the Closed 
(A-C, respectively) and Open (D-F, respectively) systems is plotted at multiple probe radii from 1.4 Å (water 
molecule) to 15 Å. The values have been averaged across replicates and are reported with standard deviation. In blue 
is the area covered by the glycans (rounded % are reported), while the grey line is the accessible area in the absence 
of glycans. Highlighted in cyan is the area that remains accessible in the presence of glycans, which is also graphically 
depicted on the structure in the panels located below the plots. 
 
 

 
Figure S11. Molecular representation of the Closed system from top view. Glycans (blue lines) are represented at 
several frames equally interspersed along the trajectories (300 frames along 0.55 ns for Closed and 1.0 us for Open), 
while RBD-A is depicted with cyan cartoons and transparent surface. Chain B and Chain C are shown in red and grey 
cartoons, respectively, and transparent surface. Glycans at N165, N234, N331 and N343 are colored in purple, green, 
yellow, and orange, respectively, 
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Figure S12. Accessibility of neutralizing antibody epitopes. The accessible surface area of antibody epitopes and 
the area shielded by neighboring glycans are plotted at probe radii 7.2 and 18.6 Å for chain A in Open (A) and Closed 
(B) systems. The area of the protein covered by the glycans is depicted in blue (rounded % values are reported), 
whereas highlighted in cyan is the epitope area that remains accessible in the presence of glycans. The values have 
been averaged across replicas and are reported with standard deviation. (C) Side view of the top region of S protein 
in the Open system, where the antibody epitopes are highlighted following the color scheme used in panels A and B. 
(D) Magnified view of 1A9 epitope (highlighted in purple) located within CD. 
 
 
 
 

 
Figure S13. Secondary structure of stalk and cytosolic tail regions of the S protein as predicted with Jpred4 server. 
The secondary structure of the stalk sequence was predicted as three helical segments (“H”, red) connected by two 
unstructured loops.  
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Figure S14. (A-B) Hydrogen bonding distances (Å) calculated through the 210 ns trajectories of the 46-glycans Man9-
N234 spike chosen here for the higher sampling time. (A) Interactions with Y369, N370, F374 belonging to RBD-C. 
(B) Interactions with R408, D405, E409, L517 belonging to RBD-A. Interactions with F374 and L517 involve 
backbone atoms and double colors indicates distances between different atoms on the same residues. Similar hydrogen 
bonding pattern and behavior have been observed in all other simulations of the Man9-N234 systems.  
 
 

 
Figure S15 Left panel: Backbone RMSD values calculated for the 54-glycans Man9-N234 system over 120 ns of 
production. A structural alignment of the protein backbone atoms was done on the stalk residues (resid 770 to 1255) 
of chain A, see text for more details. Right panel: Snapshot of the MD simulation (at 44 ns) showing the insertion of 
the Man9 at N234 deep into the trimer core highlighted by the residues in red (D405) and white (R408) with labels 
indicating other important glycans in framing the open conformation of the “up” RBD, highlighted within the yellow 
circle. All glycans are rendered as Quick Surface (green C atoms) and protein as New Cartoon (all grey). Rendering 
done with VMD and graphs with seaborn.pydata.org.      
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Figure S16. Left panel: Backbone RMSD values calculated for the 54-glycans N234-nogly system over 225 ns of 
production. A structural alignment of the protein backbone atoms was done on the stalk residues (resid 770 to 1255) 
of chain A, see text for more details. Right panel: Snapshot from the MD simulation showing a static representation 
of the protein (red New Cartoon) and the change in the relative position of the open RBD domain (resid 437 to 508) 
along the trajectory. The coloring indicates the trajectory progression as indicated in the bar on the right-hand side. 
The yellow circle highlights the position of the open RBD domain. All glycans are shown with Quick Surface (with 
C atoms in cyan). Rendering done with VMD and graphs with seaborn.pydata.org.     
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5. Supplementary Tables 

Table S1. Glycan compositions for chain-A. 
 

 

C
H

A
IN

 A

# SITE TYPE STRUCTURE SEQUENCE

G1 N17 FA2 bDGlcNAc(1→2)aDMan(1→6)[bDGlcNAc(1→2)aDMan(1→3)]bDMan(1→4)bDGlcNAc(1→4)
[aLFuc(1→6)]bDGlcNAc(1→)PROA-17 

G2 N61 M5 aDMan(1→6)[aDMan(1→3)]aDMan(1→6)
[aDMan(1→3)]bDMan(1→4)bDGlcNAc(1→4)bDGlcNAc(1→)PROA-61

G3 N74 A3 bDGlcNAc(1→6)[bDGlcNAc(1→2)]aDMan(1→6)
[bDGlcNAc(1→2)aDMan(1→3)]bDMan(1→4)bDGlcNAc(1→4)bDGlcNAc(1→)PROA-74 

G4 N122 M5 aDMan(1→6)[aDMan(1→3)]aDMan(1→6)
[aDMan(1→3)]bDMan(1→4)bDGlcNAc(1→4)bDGlcNAc(1→)PROA-122 

G5 N149 FA2G2S1
aDNeu5Ac(2→6)bDGal(1→4)bDGlcNAc(1→2)aDMan(1→6)

[bDGal(1→4)bDGlcNAc(1→2)aDMan(1→3)]bDMan(1→4)bDGlcNAc(1→4)
[aLFuc(1→6)]bDGlcNAc(1→)PROA-149

G6 N165 FA2G2S2 ,

xaDNeu5Ac(2→6)bDGal(1→4)bDGlcNAc(1→2)aDMan(1→6)
[aDNeu5Ac(2→6)bDGal(1→4)bDGlcNAc(1→2)aDMan(1→3)]bDMan(1→4)bDGlcNAc(1→4)

[aLFuc(1→6)]bDGlcNAc(1→)PROA-165

G7 N234 M8 aDMan(1→2)aDMan(1→6)[aDMan(1→3)]aDMan(1→6)
[aDMan(1→2)aDMan(1→2)aDMan(1→3)]bDMan(1→4)bDGlcNAc(1→4)bDGlcNAc(1→)PROA-234 

G8 N282 FA3 bDGlcNAc(1→6)[bDGlcNAc(1→2)]aDMan(1→6)
[bDGlcNAc(1→2)aDMan(1→3)]bDMan(1→4)bDGlcNAc(1→4)[aLFuc(1→6)]bDGlcNAc(1→)PROA-282 

G9 N331 FA2 bDGlcNAc(1→2)aDMan(1→6)[bDGlcNAc(1→2)aDMan(1→3)]bDMan(1→4)bDGlcNAc(1→4)
[aLFuc(1→6)]bDGlcNAc(1→)PROA-331

G10 N343 FA2 bDGlcNAc(1→2)aDMan(1→6)[bDGlcNAc(1→2)aDMan(1→3)]bDMan(1→4)bDGlcNAc(1→4)
[aLFuc(1→6)]bDGlcNAc(1→)PROA-343

G11 N603 FA2 bDGlcNAc(1→2)aDMan(1→6)[bDGlcNAc(1→2)aDMan(1→3)]bDMan(1→4)bDGlcNAc(1→4)
[aLFuc(1→6)]bDGlcNAc(1→)PROA-603

G12 N616 A2 bDGlcNAc(1→2)aDMan(1→6)
[bDGlcNAc(1→2)aDMan(1→3)]bDMan(1→4)bDGlcNAc(1→4)bDGlcNAc(1→)PROA-616 

G13 N657 M5 aDMan(1→6)[aDMan(1→3)]aDMan(1→6)
[aDMan(1→3)]bDMan(1→4)bDGlcNAc(1→4)bDGlcNAc(1→)PROA-657 

G14 N709 M6 aDMan(1→6)[aDMan(1→3)]aDMan(1→6)
[aDMan(1→2)aDMan(1→3)]bDMan(1→4)bDGlcNAc(1→4)bDGlcNAc(1→)PROA-709 

G15 N717 Hybrid 
G1

bDGal(1→4)bDGlcNAc(1→2)aDMan(1→3)[aDMan(1→6)
[aDMan(1→3)]aDMan(1→6)]bDMan(1→4)bDGlcNAc(1→4)bDGlcNAc(1→)PROA-717 

G16 N801 M6 aDMan(1→6)[aDMan(1→3)]aDMan(1→6)
[aDMan(1→2)aDMan(1→3)]bDMan(1→4)bDGlcNAc(1→4)bDGlcNAc(1→)PROA-801

G17 N1074 FA2G2S1
aDNeu5Ac(2→6)bDGal(1→4)bDGlcNAc(1→2)aDMan(1→3)

[bDGal(1→4)bDGlcNAc(1→2)aDMan(1→6)]bDMan(1→4)bDGlcNAc(1→4)
[aLFuc(1→6)]bDGlcNAc(1→)PROA-1074

G18 N1098 FA2 bDGlcNAc(1→2)aDMan(1→6)[bDGlcNAc(1→2)aDMan(1→3)]bDMan(1→4)bDGlcNAc(1→4)
[aLFuc(1→6)]bDGlcNAc(1→)PROA-1098

G19 N1134 FA1 bDGlcNAc(1→2)aDMan(1→3)[aDMan(1→6)]bDMan(1→4)bDGlcNAc(1→4)
[aLFuc(1→6)]bDGlcNAc(1→)PROA-1134 

G20 N1158 A2 bDGlcNAc(1→2)aDMan(1→6)
[bDGlcNAc(1→2)aDMan(1→3)]bDMan(1→4)bDGlcNAc(1→4)bDGlcNAc(1→)PROA-1158

G21 N1173 FA4 bDGlcNAc(1→6)[bDGlcNAc(1→2)]aDMan(1→6)[bDGlcNAc(1→4)
[bDGlcNAc(1→2)]aDMan(1→3)]bDMan(1→4)bDGlcNAc(1→4)[aLFuc(1→6)]bDGlcNAc(1→)PROA-1173

G22 N1194 FA4G4S1
aDNeu5Ac(2→6)bDGal(1→4)bDGlcNAc(1→6)[bDGal(1→4)bDGlcNAc(1→2)]aDMan(1→6)

[bDGal(1→4)bDGlcNAc(1→4)
[bDGal(1→4)bDGlcNAc(1→2)]aDMan(1→3)]bDMan(1→4)bDGlcNAc(1→4)

[aLFuc(1→6)]bDGlcNAc(1→)PROA-1194

G23 T323 O-glycan aDNeu5Ac(2→3)bDGal(1→3)aDGalNAc(1→)PROA-323 

G24 S325 O-glycan aDNeu5Ac(2→3)bDGal(1→3)aDGalNAc(1→)PROA-325
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Table S2. Glycan compositions for chain-B. 
 

 
 
 
  

# SITE TYPE STRUCTURE SEQUENCE

G25 N17 FA3 bDGlcNAc(1→6)[bDGlcNAc(1→2)]aDMan(1→6)
[bDGlcNAc(1→2)aDMan(1→3)]bDMan(1→4)bDGlcNAc(1→4)[aLFuc(1→6)]bDGlcNAc(1→)PROB-17 

G26 N61 M5 aDMan(1→6)[aDMan(1→3)]aDMan(1→6)
[aDMan(1→3)]bDMan(1→4)bDGlcNAc(1→4)bDGlcNAc(1→)PROB-61 

G27 N74 FA3G3S2
aDNeu5Ac(2→6)bDGal(1→4)bDGlcNAc(1→6)[bDGal(1→4)bDGlcNAc(1→2)]aDMan(1→6)
[aDNeu5Ac(2→6)bDGal(1→4)bDGlcNAc(1→2)aDMan(1→3)]bDMan(1→4)bDGlcNAc(1→4)

[aLFuc(1→6)]bDGlcNAc(1→)PROB-74 

G28 N122 FA2 bDGlcNAc(1→2)aDMan(1→6)[bDGlcNAc(1→2)aDMan(1→3)]bDMan(1→4)bDGlcNAc(1→4)
[aLFuc(1→6)]bDGlcNAc(1→)PROB-122 

G29 N149 FA3 bDGlcNAc(1→6)[bDGlcNAc(1→2)]aDMan(1→6)
[bDGlcNAc(1→2)aDMan(1→3)]bDMan(1→4)bDGlcNAc(1→4)[aLFuc(1→6)]bDGlcNAc(1→)PROB-149

G30 N165 M5 aDMan(1→6)[aDMan(1→3)]aDMan(1→6)
[aDMan(1→3)]bDMan(1→4)bDGlcNAc(1→4)bDGlcNAc(1→)PROB-165 

G31 N234 M9 aDMan(1→2)aDMan(1→6)[aDMan(1→2)aDMan(1→3)]aDMan(1→6)
[aDMan(1→2)aDMan(1→2)aDMan(1→3)]bDMan(1→4)bDGlcNAc(1→4)bDGlcNAc(1→)PROB-234 

G32 N282 FA3G3S1
aDNeu5Ac(2→6)bDGal(1→4)bDGlcNAc(1→2)aDMan(1→3)[bDGal(1→4)bDGlcNAc(1→6)

[bDGal(1→4)bDGlcNAc(1→2)]aDMan(1→6)]bDMan(1→4)bDGlcNAc(1→4)
[aLFuc(1→6)]bDGlcNAc(1→)PROB-282 

G33 N331 FA2 bDGlcNAc(1→2)aDMan(1→6)[bDGlcNAc(1→2)aDMan(1→3)]bDMan(1→4)bDGlcNAc(1→4)
[aLFuc(1→6)]bDGlcNAc(1→)PROB-331

G34 N343 FA1 bDGlcNAc(1→2)aDMan(1→3)[aDMan(1→6)]bDMan(1→4)bDGlcNAc(1→4)
[aLFuc(1→6)]bDGlcNAc(1→)PROB-343 

G35 N603 M5 aDMan(1→6)[aDMan(1→3)]aDMan(1→6)
[aDMan(1→3)]bDMan(1→4)bDGlcNAc(1→4)bDGlcNAc(1→)PROB-603 

G36 N616 FA2 bDGlcNAc(1→2)aDMan(1→6)[bDGlcNAc(1→2)aDMan(1→3)]bDMan(1→4)bDGlcNAc(1→4)
[aLFuc(1→6)]bDGlcNAc(1→)PROB-616

G37 N657 Hybrid 
G1

bDGal(1→4)bDGlcNAc(1→2)aDMan(1→3)[aDMan(1→6)
[aDMan(1→3)]aDMan(1→6)]bDMan(1→4)bDGlcNAc(1→4)bDGlcNAc(1→)PROB-657 

G38 N709 M5 aDMan(1→6)[aDMan(1→3)]aDMan(1→6)
[aDMan(1→3)]bDMan(1→4)bDGlcNAc(1→4)bDGlcNAc(1→)PROB-709 

G39 N717 M5 aDMan(1→6)[aDMan(1→3)]aDMan(1→6)
[aDMan(1→3)]bDMan(1→4)bDGlcNAc(1→4)bDGlcNAc(1→)PROB-717

G40 N801 M7 aDMan(1→2)aDMan(1→2)aDMan(1→3)[aDMan(1→6)
[aDMan(1→3)]aDMan(1→6)]bDMan(1→4)bDGlcNAc(1→4)bDGlcNAc(1→)PROB-801 

G41 N1074 M5 aDMan(1→6)[aDMan(1→3)]aDMan(1→6)
[aDMan(1→3)]bDMan(1→4)bDGlcNAc(1→4)bDGlcNAc(1→)PROB-1074

G42 N1098 A2 bDGlcNAc(1→2)aDMan(1→6)
[bDGlcNAc(1→2)aDMan(1→3)]bDMan(1→4)bDGlcNAc(1→4)bDGlcNAc(1→)PROB-1098 

G43 N1134 FA3 bDGlcNAc(1→6)[bDGlcNAc(1→2)]aDMan(1→6)
[bDGlcNAc(1→2)aDMan(1→3)]bDMan(1→4)bDGlcNAc(1→4)[aLFuc(1→6)]bDGlcNAc(1→)PROB-1134

G44 N1158 FA2G2S1
aDNeu5Ac(2→6)bDGal(1→4)bDGlcNAc(1→2)aDMan(1→6)

[bDGal(1→4)bDGlcNAc(1→2)aDMan(1→3)]bDMan(1→4)bDGlcNAc(1→4)
[aLFuc(1→6)]bDGlcNAc(1→)PROB-1158

G45 N1173 FA4 bDGlcNAc(1→6)[bDGlcNAc(1→2)]aDMan(1→6)[bDGlcNAc(1→4)
[bDGlcNAc(1→2)]aDMan(1→3)]bDMan(1→4)bDGlcNAc(1→4)[aLFuc(1→6)]bDGlcNAc(1→)PROB-1173

G46 N1194 FA4G4S1
aDNeu5Ac(2→6)bDGal(1→4)bDGlcNAc(1→6)[bDGal(1→4)bDGlcNAc(1→2)]aDMan(1→6)

[bDGal(1→4)bDGlcNAc(1→4)
[bDGal(1→4)bDGlcNAc(1→2)]aDMan(1→3)]bDMan(1→4)bDGlcNAc(1→4)

[aLFuc(1→6)]bDGlcNAc(1→)PROB-1194 

G47 T323 O-glycan aDNeu5Ac(2→3)bDGal(1→3)[aDNeu5Ac(2→6)]aDGalNAc(1→)PROB-323 
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Table S3. Glycan compositions for chain-C. 
 

 
 
 
 

# SITE TYPE STRUCTURE SEQUENCE

G48 N17 FA3 bDGlcNAc(1→6)[bDGlcNAc(1→2)]aDMan(1→6)
[bDGlcNAc(1→2)aDMan(1→3)]bDMan(1→4)bDGlcNAc(1→4)[aLFuc(1→6)]bDGlcNAc(1→)PROC-17 

G49 N61 M5 aDMan(1→6)[aDMan(1→3)]aDMan(1→6)
[aDMan(1→3)]bDMan(1→4)bDGlcNAc(1→4)bDGlcNAc(1→)PROC-61 

G50 N74 A2 bDGlcNAc(1→2)aDMan(1→6)
[bDGlcNAc(1→2)aDMan(1→3)]bDMan(1→4)bDGlcNAc(1→4)bDGlcNAc(1→)PROC-74 

G51 N122 M5 aDMan(1→6)[aDMan(1→3)]aDMan(1→6)
[aDMan(1→3)]bDMan(1→4)bDGlcNAc(1→4)bDGlcNAc(1→)PROC-122

G52 N149 FA2 bDGlcNAc(1→2)aDMan(1→6)[bDGlcNAc(1→2)aDMan(1→3)]bDMan(1→4)bDGlcNAc(1→4)
[aLFuc(1→6)]bDGlcNAc(1→)PROC-149 

G53 N165 FA2G2S1
aDNeu5Ac(2→6)bDGal(1→4)bDGlcNAc(1→2)aDMan(1→6)

[bDGal(1→4)bDGlcNAc(1→2)aDMan(1→3)]bDMan(1→4)bDGlcNAc(1→4)
[aLFuc(1→6)]bDGlcNAc(1→)PROC-165 

G54 N234 M9 aDMan(1→2)aDMan(1→6)[aDMan(1→2)aDMan(1→3)]aDMan(1→6)
[aDMan(1→2)aDMan(1→2)aDMan(1→3)]bDMan(1→4)bDGlcNAc(1→4)bDGlcNAc(1→)PROC-234 

G55 N282 A2 bDGlcNAc(1→2)aDMan(1→6)
[bDGlcNAc(1→2)aDMan(1→3)]bDMan(1→4)bDGlcNAc(1→4)bDGlcNAc(1→)PROC-282 

G56 N331 FA3G3S1
aDNeu5Ac(2→6)bDGal(1→4)bDGlcNAc(1→2)aDMan(1→3)[bDGal(1→4)bDGlcNAc(1→6)

[bDGal(1→4)bDGlcNAc(1→2)]aDMan(1→6)]bDMan(1→4)bDGlcNAc(1→4)
[aLFuc(1→6)]bDGlcNAc(1→)PROC-331 

G57 N343 FA2 bDGlcNAc(1→2)aDMan(1→6)[bDGlcNAc(1→2)aDMan(1→3)]bDMan(1→4)bDGlcNAc(1→4)
[aLFuc(1→6)]bDGlcNAc(1→)PROC-343 

G58 N603 M5 aDMan(1→6)[aDMan(1→3)]aDMan(1→6)
[aDMan(1→3)]bDMan(1→4)bDGlcNAc(1→4)bDGlcNAc(1→)PROC-603

G59 N616 FA2 bDGlcNAc(1→2)aDMan(1→6)[bDGlcNAc(1→2)aDMan(1→3)]bDMan(1→4)bDGlcNAc(1→4)
[aLFuc(1→6)]bDGlcNAc(1→)PROC-616

G60 N657 Hybrid 
G1

bDGal(1→4)bDGlcNAc(1→2)aDMan(1→3)[aDMan(1→6)
[aDMan(1→3)]aDMan(1→6)]bDMan(1→4)bDGlcNAc(1→4)bDGlcNAc(1→)PROC-657 

G61 N709 M5 aDMan(1→6)[aDMan(1→3)]aDMan(1→6)
[aDMan(1→3)]bDMan(1→4)bDGlcNAc(1→4)bDGlcNAc(1→)PROC-709

G62 N717 M6 aDMan(1→6)[aDMan(1→3)]aDMan(1→6)
[aDMan(1→2)aDMan(1→3)]bDMan(1→4)bDGlcNAc(1→4)bDGlcNAc(1→)PROC-717 

G63 N801 M5 aDMan(1→6)[aDMan(1→3)]aDMan(1→6)
[aDMan(1→3)]bDMan(1→4)bDGlcNAc(1→4)bDGlcNAc(1→)PROC-801

G64 N1074 M5 aDMan(1→6)[aDMan(1→3)]aDMan(1→6)
[aDMan(1→3)]bDMan(1→4)bDGlcNAc(1→4)bDGlcNAc(1→)PROC-1074

G65 N1098 Hybrid 
G1S1

aDNeu5Ac(2→6)bDGal(1→4)bDGlcNAc(1→2)aDMan(1→3)[aDMan(1→6)
[aDMan(1→3)]aDMan(1→6)]bDMan(1→4)bDGlcNAc(1→4)bDGlcNAc(1→)PROC-1098 

G66 N1134 FA2 bDGlcNAc(1→2)aDMan(1→6)[bDGlcNAc(1→2)aDMan(1→3)]bDMan(1→4)bDGlcNAc(1→4)
[aLFuc(1→6)]bDGlcNAc(1→)PROC-1134

G67 N1158 A2 bDGlcNAc(1→2)aDMan(1→6)
[bDGlcNAc(1→2)aDMan(1→3)]bDMan(1→4)bDGlcNAc(1→4)bDGlcNAc(1→)PROC-1158

G68 N1173 FA4 bDGlcNAc(1→6)[bDGlcNAc(1→2)]aDMan(1→6)[bDGlcNAc(1→4)
[bDGlcNAc(1→2)]aDMan(1→3)]bDMan(1→4)bDGlcNAc(1→4)[aLFuc(1→6)]bDGlcNAc(1→)PROC-1173

G69 N1194 FA4G4S1
aDNeu5Ac(2→6)bDGal(1→4)bDGlcNAc(1→6)[bDGal(1→4)bDGlcNAc(1→2)]aDMan(1→6)

[bDGal(1→4)bDGlcNAc(1→4)
[bDGal(1→4)bDGlcNAc(1→2)]aDMan(1→3)]bDMan(1→4)bDGlcNAc(1→4)

[aLFuc(1→6)]bDGlcNAc(1→)PROC-1194 

G70 T323 O-glycan bDGal(1→3)aDGalNAc(1→)PROC-323 
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Table S4. Membrane lipids, their percentages in the membrane patch, and corresponding IUPAC 
names.  
 

Lipid Percentage IUPAC Name 
POPC 47% 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine 
POPE 20% 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine 
CHL 15% (3β)-cholest-5-en-3-ol 
POPI 11% 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoinositol 
POPS 7% 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-serine 

 

 

Table S5. Summary of the full-length S protein all-atom MD simulations. 

Replica # Closed Open Mutant 

Rep 1 543.60 ns 1000.50 ns 1001.30 ns 

Rep 2 573.80 ns 1000.30 ns 1036.20 ns 

Rep 3 614.10 ns 1006.30 ns 1018.40 ns 

Rep 4 - 404.30 ns 411.70 ns 

Rep 5 - 404.30 ns 407.00 ns 

Rep 6 - 406.50 ns 416.60 ns 

Total 1731.50 ns 4222.20 ns 4291.20 ns 
 
 
Table S6. Accessible Surface Area (ASA) values for protein S’ head in Open (A) and Closed (B). 
Glycan shielded area is the area covered by glycans. Glycosylated P ASA is the area effectively 
accessible in the presence of glycans. Non-Glycosylated P ASA is the accessible area in the 
absence of glycans (i.e. of the nude protein). AVG is average, ST.DEV is standard deviation. A 
full description is provided in Material and Methods section. 
 

 

 
 



 S29 

 
 
Table S7. Accessible Surface Area values for protein S’ stalk in Open (A) and Closed (B). Same 
notations as Table S2. 
 

 
 
 
Table S8. Accessible Surface Area values for protein S’ RBDRBM in Open (A) and Closed (B). 
Same notations as Table S2. 
 

 
 
 
Table S9. Accessible Surface Area values for protein S’ RBDNON-INTERACTING. in Open (A) and 
Closed (B). Same notations as Table S2. 
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Table S10. Accessible Surface Area values for protein S’ RBDWHOLE in Open (A) and Closed (B). 
Same notations as Table S2. 
 

 
 
 
Table S11. Summary of principal antibody epitopes reported in the literature. Antibodies denoted 
by * refer to partial epitopes identified through mutational studies. 
 

Antibody Spike 
Domain Epitope Residue Numbers References 

COVA1-22 

N
TD

 141-156, 246-260 57 

4A8 141-156, 246-260 55 

B38 

R
B

D
 

403-409, 415-421, 455-459, 473-479, 486-505 52 

47D11 RBD core (338-437, 507-527) 54 

S309 337-344, 356-361, 440-444, glycan at N343 53 

CR3022 369-392, 427-430, 515-517 50,51 

VHH-72 partial overlap with CR3022 60 

COV2-2196* F486, N487 58 

COV2-2165* F486, N487 58 

COV2-2130* K444, G447 58 

MAb362* Y449, F456, Y489 61 

18F3* D405, V407 59 

7B11* L441, S443, L452 59 

n3021* T500, N501, G502  63 

n3113* N354  63 

n3130* D428, F429, E516 63 

1A9 C
D

 

1111-1130 56 
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Table S12. Accessible Surface Area values for protein S’ epitopes in Open (A) and Closed (B). 
Same notations as Table S2. 
 

 
 
 
Table S13. Site specific glycosylation in the two 54-glycans models of SARS-CoV2 S head 
(~60,000 atoms), i.e. Man9-N234 and N234A. The asterisk on position 234 chain C indicates the 
critical region where the glycans support the open RBD (chain B in 6VYB) by filling the empty 
space. We note that the third model is based on these 54-glycans models, but it was not 
glycosylated at position N234 within chain C. 
 

chain resid glycan chain resid glycan chain resid glycan 
A 61 Man5 B 61 Man5 C 61 Man5 
A 74 FA2G B 74 FA2G C 74 FA2G 
A 122 Man5 B 122 Man5 C 122 Man5 
A 149 FA2G B 149 FA2G C 149 FA2G 
A 165 Man5 B 165 Man5 C 165 Man5 

A 234 Man9 B 234 Man9 C 234* Man9/ 
N234A 

A 282 FA2G B 282 FA2G C 282 FA2G 
A 331 FA2G B 331 FA2G C 331 Man5 
A 343 Man5 B 343 Man5 C 343 Man5 
A 603 Man5 B 603 Man5 C 603 Man5 
A 616 A2G B 616 A2G C 616 A2G 
A 657 Man5 B 657 Man5 C 657 FA2G 
A 709 Man5 B 709 Man5 C 709 Man5 
A 717 Man5 B 717 Man5 C 717 Man5 
A 801 Man5 B 801 Man5 C 801 Man5 
A 1074 Man5 B 1074 Man5 C 1074 Man5 
A 1098 A2G B 1098 A2G C 1098 A2G 
A 1134 FA2G B 1134 FA2G C 1134 FA2G 
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Table S14. MD production times (ns) used for the data analysis of the SARS-CoV2 S glycoprotein 
head. MD1 and MD2 refer to two independent MD trajectories started from different velocities. 
 

Systems 46 glycan MD1 46 glycan MD2 54 glycan 
Man9-N234 210 - 120 
N234A 240 240 210 
N234-nogly - - 240 

 
 
Table S15.  Average backbone RMSD values (Å) calculated for the SARS-CoV2 S protein head 
models for the RBD domains along the conventional MD trajectories of length indicated in Table 
1. Standard deviation values are shown in brackets. 
 

Systems RBD (chain A) RBD (chain B, open) RBD (chain C) 
Man9-N234 (46-glycans) 6.9 (0.7) 9.9 (1.2) 8.0 (0.8) 
Man9-N234 (54-glycans) 9.3 (1.5) 8.2 (1.3) 6.7 (1.0) 
N234A (45-glycans MD1) 7.2 (0.9) 15.1 (2.9) 6.5 (1.0) 
N234A (45-glycans MD2) 7.4 (0.8) 15.4 (3.0) 5.8 (0.8) 

N234A (53-glycans) 6.5 (0.8) 6.6 (0.9) 6.2 (1.3) 
N234-nogly (53-glycan) 6.3 (1.1) 14.3 (2.9) 4.0 (0.5) 
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 6. Supplementary Movies 
 
Movie S1. Glycosylated full-length model of SARS-CoV-2 spike protein. The movie shows, in 
the first part, the structure of the glycosylated full-length model of SARS-CoV-2 S protein in the 
open state (i.e. with 1 RBD in the “up” conformation, namely RBD-A) referred to as “Open” in 
the main text. The different domains and the color code used for lipids and glycans are indicated 
in the movie. In the second part, the movie shows the MD dynamics (with CHARMM36 force 
fields) of the same Open system. Only one MD replica was selected for illustrative purposes.  
 
Movie S2. N-glycan at N234 progressively inserts itself into the cavity left empty upon the 
lifting-up of the open RBD. The movie shows the MD dynamics of the glycosylated head-only 
model of SARS-CoV-2 S protein described in Section 2 of the Supporting Information. These 
simulations were conducted with AMBER and GLYCAM force fields. N-glycan at N234 
(highlighted with a magenta surface) progressively inserts in the space left empty by the lifting-up 
of the open RBD. We remark that in this system, based on a different cryo-EM structure (PDB ID: 
6VYB), the open RBD is within chain B, here highlighted with an orange transparent surface. N-
glycans at N165 and N343 are depicted with steel blue and cornflower blue surfaces, respectively. 
All the remaining glycans are shown with an admiral blue surface, whereas the protein is 
represented with gray cartoons. 
 
Movie S3. N-glycans at N165 and N234 “lock-and-load” the open RBD for infection. The 
movie illustrates the structural role of the N-glycans at N165 and N234 in modulating the RBD 
conformational plasticity. By means of a closed-up view, the movie shows the MD dynamics of 
the open RBD (i.e., RBD-A) within the glycosylated full-length model of the SARS-CoV-2 S 
protein (wild-type, referred to as “Open” in the main text). Only one MD replica was selected for 
illustrative purpose. N-glycans at N165 and N234, and the RBD, are indicated with respective 
labels in the movie. All the remaining glycans are depicted with a per-residue colored licorice 
representation (GlcNAc in blue, Fucose in red, Galactose in yellow, Sialic Acid in purple, 
Mannose in green). Chain A, B and C of the spike trimer are depicted with cyan, red and gray 
cartoons, respectively. 
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